A spherical cavity expansion (SCE) model for axial loads on penetrators into rock has been developed and used in the GNOME penetrator code to cal cul ate a recent full -scale strategic earth penetrator test 
INTRODUCTION
A spherical cavity expansion (SCE) model for loads on penetrators into rock and other geologic media has been developed and implemented into the GNOME penetrator code, Reference [l] . The spherical and cylindrical cavity expansion (CCE) load models use results from 1-D wave propagation problems which approximate the 2-D or 3-D target motion. models have been used in GNOME to rapidly calculate complete penetration trajectories, and are well-suited to investigate the effects of target property uncertainties and penetrator design changes. The SCE load model was developed because of current interest in the Strategic Earth Penetrator Weapon (SEPW) which has a 3.0 CRH (caliber radius head) ogival nose. penetrators, such as the Pershing-I1 which had a 6.0 CRH nose. model may be better-suited for the SEPW than existing CCE models, References [2,3], because the SCE kinematics represents both vertical and radial target motion whereas the CCE model allows only radial motion and breaks down in the limit of a very blunt nose.
These load

This nose is considerably blunter than those of other recent Sandia
The SCE Some related previous work includes Reference [2] which numerically solved 1-D, nonlinear, dynamic cy1 indrical cavity expansion problems. References [3, 4] developed CCE and SCE results using approximate solution techniques. Reference [5] developed the first SCE load model used in GNOME which approximated the target response as rigid-plastic. Reference [6] used the continuum dynamics code PRONTO to calculate penetration events with a 2-D, elastic-plastic target response model. [ 2 ] . It represents the target with regions of elastic, tensile fractured and MohrCoulomb plastic response. Closed-form results for the quasistatic response are developed and used to check the numerical procedure for the dynamic response in the limiting case. A comparison is made between loads calculated with SCE and CCE models which shows significant differences, particularly at low penetrator velocities when tensile cracking is important. Finally, the SEPW-DG4 test, Reference [7] , is calculated with the SCE model in GNOME and found to agree reasonably well with the deceleration-time measurements.
The present work follows the solution technique of Reference
SCE KINEMATICS AND PENETRATOR NOSE GEOMETRY
It is assumed that the projectile impacts a uniform target half-space at normal incidence with velocity V in the vertical, z direction. The target response is axisymmetric and 2-D. The penetrator nose geometry is axisymmetric, typically either a cone or ogive. The normal stress on the penetrator nose is approximated by the pressure (I required to expand a spherical cavity in an infinite medium, Figure 1 . Thus, the 2-D target response is replaced by the 1-D cavity expansion problem. assumed to expand from zero initial radius with constant radial velocity, i, and this requ res stress ( I on the cavity surface, where ( I depends on i , but not on a. Then the normal stress on the penetrator nose at a particular locat on, Q in Figure 1 , is taken to be ( I for a corresponding spherical cavity which is tangent to Q as shown in Figure 1 and is
expanding with
The cavity is where Vsine is the component of penetrator velocity normal to its surface at Q.
given penetrator velocity, while for an ogive nose, the stress is a maximum at the tip and decreases toward the tangent point between the nose and aft -body.
For a conical nose, the stress is constant over the nose for a The SCE kinematics represent the target vertical motion as well as its radial motion, whereas CCE allows only radial target motion. Thus the SCE approximation should be better than the CCE for noses which are blunt, while the CCE motion is accurate for slender penetrator noses.
-8-Much of this work is concerned with the solution of the l-D wave propagation problem for the expanding spherical cavity in an infinite medium represented by appropriate geological material response models.
MATERIAL MODEL AND RESPONSE REGIONS
Material compressibility is modeled by a linear pressure-volume strain relation
( 2 ) P = Kq; P = 3 1 F R where aR and 04 are the radial and tangential components of Cauchy stress, taken positive in compression, in a spherical coordinate system; P is the pressure; K is a constant; 9 is the volumetric strain; and p o is the initial density. The Mohr-Coulomb -9-metals and is often used as a yield surface to describe the plastic behavior of geologic materials. hydrostatic pressure through the parameter p , but is independent of the plastic deformation. In the solution for a spherical cavity expanding continuously from zero initial radius with constant velocity, it is assumed that once the stress state of a particle reaches the Mohr-Coulomb failure surface, it remains there. Reference holds. At larger radii is a region of tensile fracturing in which C T~ = 0 which represents the average effect of radially running tensile fractures, and farthest out is a region of elastic response. The cracked region is significant when both the cavity expansion velocity is low and the material tensile strength is much less than the compressive strength, such as for geologic materials.
Nearest the cavity is a plastic region in which Equation (3)
COMPARISON OF SCE AND CCE STRESSES ON THE SEPW
Using the SCE solution procedures discussed in the Appendix, the stress with aZ assumed to be the mean of the other two normal stresses. There are significant differences between the SCE and CCE stresses, particularly at low speeds for which the CCE stress is less than one-half of the SCE stress.
Lastly, Figure 5 shows the SCE and CCE stresses in the quasistatic limit when the response is assumed to be elastic-plastic. A comparison of these values with the other results indicates that the stress is significantly lower when tensile cracking is allowed, particularly for the CCE approximations. The penetrator external geometry is a 3.0 CRH ogival nose, a cylindrical aft-body, and a gradual conical flare to the back, as shown in Figure 6 . pusher plate. an 80" impact angle from the horizontal. 1520 ft/sec.
COMPARISON OF SCE THEORY WITH THE SEPW-DG4
It weighs 906 lbs, which included the weight of an integrated
The penetrator was launched with a 0" angle of attack and The measured impact velocity was shows the penetrator axial deceleration history from an on board accelerometer filtered to 2 kHz. The theoretical results are computed with GNOME using the S1G5 (CCE) and SIG6 (SCE) load subroutines with combined elastic-plastic and elastic-cracked-plastic target material response. The theory represents the 3.0 ogival nose, but ignores the gradual aft flare. This is justified by the data which do not indicate a significant increase (or change) in the deceleration on entry of the flare into the target (at about 2.4 msec). Sliding penetrator/target frictional effects are not included in the theory. The peak deceleration is predicted well by either theory; but the later-time deceleration is over predicted by the SCE theory and underpredicted by the CCE theory. property uncertainties are sufficient to account for either of the differences between the theories and measurements. The calculated maximum depths are 6.9 ft. and 7.2 ft. for the SCE and CCE theories, respectively; while the measured final depth was 9.6 ft.
Target
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APPENDIX -SOLUTION OF SPHERICAL CAVITY EXPANSION PROBLEMS
GOVERNING EQUATIONS
In analyzing the 1-D static and dynamic response of an infinite medium in which a spherical cavity is expanding from zero initial radius at constant radial velocity, both Lagrangian R and Eulerian r radial coordinates are employed. They are related by where u is the particle displacement in the radial direction. difference in these coordinates is not usually important in the elastic region, Figure 4 , but is obviously significant near the surface of the cavity which has expanded to finite radius r = a (at R = 0).
The
The target or medium response is generally separated into three regions -elastic, cracked, and plastic. These are separated by three radially propagating spherical interfaces at Eulerian coordinates r = clt, c2t7 and c3t as shown in where v = au/at is the particle velocity and t, -refer to the radially outer and inner sides of the interface, respectively. Equations (A4, A5) are the same as those in cylindrical coordinates, Reference 121.
QUAS I STAT IC RESPONSE
When the spherical cavity growth is slow enough, corresponding to low penetration speeds, a quasistatic assumption is valid and leads to closedform results for the stress required to expand the cavity. are useful in providing an independent check of the dynamic solution in the limit of zero cavity expansion velocity. The solution procedure is similar to that for cylindrical cavity expansion, Reference [2] . It will be summarized here for elastic-plastic response and the results given for both el astic-pl astic and el astic-cracked-plastic response.
These results
The medium response is assumed to consist of two regions, a plastic one, a < r < rl and an elastic one rl < r; where rl is the Eulerian coordinate of the elastic-plastic interface. continuity of aR at r = rl, the stress at the cavity surface is This is integrated to determine After satisfying after using Equations (2, 3) to eliminate u aR 4.
The ratio rl/a is determined by considering displacements. Equation 
USE OF THE SCE MODEL AS A LOAD SUBROUTINE IN GNOME
The SCE elastic-plastic and elastic-cracked-plastic numerical solution procedures have been implemented together as a load subroutine in the GNOME penetration code. Once a penetration problem is defined in GNOME, a curve of normal stress on the penetrator versus velocity normal to the penetrator surface is generated to cover the range of penetrator surface velocities. This curve is calculated once at the beginning of the penetration solution and then subsequently interpolated as needed to determine the load stresses on the penetrator during a complete trajectory calculation. comes from the elastic solution (A18), evaluated at < = 1. tensile stress always occurs at the elastic-plastic interface, < = 1.
In determining the initial
The largest
To calculate o at penetrator local normal velocity components lower such that 0 < a2 < a*, where than those for which al> a*, we assume elastic-cracked-plastic response and select values of a2 = c /c a2 response, a1 < a 2 .
2 P is the elastic-cracked interface speed. For elastic-cracked-plastic -30-
